We study the interaction between a planar Fabry-Perot microcavity and a single embedded gold nanoparticle. We record spatially resolved white-light transmission spectra and show that the interaction between microcavity and nanoparticle gives rise to a redshift of the cavity modes, in accordance with the BetheSchwinger cavity perturbation formula. The spectral tuning of cavity modes by discrete nanoparticles can be exploited for applications such as optical and micromechanical sensing. [7] [8] [9] . The fact that optical microcavities exhibit high-quality factors and small volumes has proven to be extremely useful in highly sensitive applications. Typically, the microcavity needs to be brought into resonance with a target system (e.g., atomic/molecular absorption), but the spectral tuning of microcavities remains a major challenge. Temperature control of refractive indices [10, 11] has been pursued in different applications, but the tunability is usually very limited ͑ Ͻ 1 nm͒. Larger frequency shifts [12, 13] can be achieved with mechanical shape control, but this approach suffers from poor accuracy and irreversible modifications. Electrical tuning is more precise, but again the tunability is limited [14] [15] [16] . Hence, the predictable and reliable tuning of an optical microcavity over a reasonably large spectral range remains a challenge. In this Letter, we demonstrate a method to tune the resonant modes of a Fabry-Perot-type microcavity using gold nanoparticles. The resonance shift observed by a single nanoparticle can be described by Bethe-Schwinger cavity perturbation formula [17, 18] ,
Optical microcavities have found a wide variety of applications in both fundamental and applied fields of research [1] , including cavity quantum electrodynamics [2] , optical communication [3, 4] , resonant cavity optoelectronics [5] , micromechanical sensors [6] , and biosensing [7] [8] [9] . The fact that optical microcavities exhibit high-quality factors and small volumes has proven to be extremely useful in highly sensitive applications. Typically, the microcavity needs to be brought into resonance with a target system (e.g., atomic/molecular absorption), but the spectral tuning of microcavities remains a major challenge. Temperature control of refractive indices [10, 11] has been pursued in different applications, but the tunability is usually very limited ͑ Ͻ 1 nm͒. Larger frequency shifts [12, 13] can be achieved with mechanical shape control, but this approach suffers from poor accuracy and irreversible modifications. Electrical tuning is more precise, but again the tunability is limited [14] [15] [16] . Hence, the predictable and reliable tuning of an optical microcavity over a reasonably large spectral range remains a challenge.
In this Letter, we demonstrate a method to tune the resonant modes of a Fabry-Perot-type microcavity using gold nanoparticles. The resonance shift observed by a single nanoparticle can be described by Bethe-Schwinger cavity perturbation formula [17, 18] ,
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Here, E o , H o are the unperturbed cavity fields (in absence of the gold nanoparticle) and E, H are the perturbed cavity fields. V designates the cavity volume, and the electromagnetic properties of the cavity are defined by ⑀͑r͒ and ͑r͒. m is the mth mode resonance frequency in absence of the perturbation, and is the resonance in presence of the perturbation. ⌬⑀ and ⌬ denote the properties of the perturbation relative to the unperturbed situation. We assume that the perturbation has a small effect on the cavity and therefore rewrite Eq. (1) as a first-order approximation by using E = E o and H = H o . We consider a planar cavity with reflecting end faces. The area illuminated by the white-light source is A, and the end faces are separated by a distance L. The electric and magnetic fields inside the cavity are calculated to be E o sin͓ m z / c͔ and 2 , where V = LA. We place a spherical nanoparticle with volume ⌬V inside the cavity and assume that the field is homogeneous across the dimensions of the particle. The perturbation in the dielectric constant is ⌬⑀ = ⑀͑r͒ − ⑀ p , with ⑀ p being the dielectric constant of the gold nanoparticle. The nominator of Eq.
(1) is calculated to be ⌬V⌬⑀⑀ o E o 2 , with ⌬V being the volume of the perturbation. We then obtain
where we replaced the frequencies by corresponding wavelengths . Thus, we find that the resonance shift scales with the ratio of the illuminated volume of the microcavity and the perturbation volume (i.e., the volume of the particle).
To fabricate the microcavity, a 40-nm-thick layer of silver is first deposited on a cleaned glass coverslip by e-beam evaporation. A 120 nm polymer layer is then deposited on top of the silver by spin coating 100 l of a 3.4% Poly(methyl methacrylate) (PMMA, mol. wt. 5000) solution in toluene (purity 99.99%, and hardened by baking at 130°C for 10 min. The PMMA surface is then functionalized by evaporating (3-aminopropyl)trimethoxysilane (APTMES) at 60°C. A dilute solution of 100 nm diameter gold nanoparticles is then spin cast on the surface of the functionalized PMMA. Subsequently, a second layer of PMMA with twice the thickness of the first layer is deposited fol-lowing the same procedures. Finally, a 40 nm layer of silver is deposited on top of the PMMA. The microcavity hence obtained features spatially separated 100 nm gold nanoparticles embedded in a 340 nm layer of PMMA sandwiched between two reflecting surfaces of silver. The thicknesses of the deposited layers have been verified using atomic force microscopy (AFM) measurements. The fabricated device is schematically shown in Fig. 1 (inset) . Figure 1 illustrates the experimental setup that was used to perform the microcavity detuning experiments. Polychromatic light from a fiber-optic illuminator is coupled into a multimode fiber whose output is collimated using a fiber-optic collimator and focused onto the microcavity by an air objective (50ϫ, 0.8 NA). The transmitted light from the microcavity is collected by an inverted oil objective (100ϫ, 1.3 NA) and directed through a confocal pinhole of diameter 50 m to a spectrometer, which uses a CCD camera to record transmission spectra. The microcavity is mounted on a scanning stage (resolution 0.1 nm), which allows the microcavity to be translated in the transverse plane. Figure 2 (a) shows a representative spectrum of the white-light incident on the cavity.
The piezo stage allows us to raster scan the microcavity and to center individual gold nanoparticles into the light path. Figure 2(b) shows the cavity transmittance spectrum acquired in presence of a single gold nanoparticle [gray (red online)] and absence of any particles [black (blue online)]. The two peaks in the spectrum correspond to the m = 2 and m = 3 cavity modes and will be described later. The resonance shift due to the perturbing effect of a single gold nanoparticle is clearly resolved and can be compared with theoretical predictions.
A planar microcavity with partially reflecting end mirrors obeys the resonance condition [19] 
where m = 1 , 2 , 3. . . and i = 1 , 2. n pol = 1.4893 denotes the refractive index of PMMA, L represents the total thickness of the PMMA film, and is the angle of incidence of the incident light. m indicates the cavity resonance mode and the index i denotes the upper or lower silver surface. ⌬ 1,2 are the phase changes due to reflection and d 1,2 are the silver film thicknesses. Because of the weak focusing in our configuration we can approximate the angle of incidence as Ϸ 0.
For m = 1, the resonance wavelength that satisfies Eq. (3) is outside the spectral range of our white-light source and therefore cannot be observed. However, the peaks of the m = 2 and m = 3 cavity modes are clearly resolved in the transmittance spectrum [c.f. Fig. 2(b) ]. The m = 2 resonance peak is at m=2 = 780.12 nm (⌬ Ϸ 2.7 for d 1,2 = 40 nm) [20] , and its quality factor is Q Ϸ 19. Using these values in Eq. (3) yields a cavity length of L = 307.1 nm, which is close to the thickness of ϳ340 nm measured by AFM. The deviation can be attributed to PMMA thickness variations due to embedded gold nanoparticles. Equation (3) yields a value of m=3 = 387 nm for the m = 3 mode, which agrees very well with the resonance peak of m=3 = 385 nm observed in Fig. 2(b) . Thus, our nonideal Fabry-Perot cavity is well described by Eq. (3). White light from a fiber-optic illuminator (a) is coupled into a multimode fiber, collimated and then focused by an air objective (b) onto the microcavity (c). The microcavity is rasterscanned across the focus using a x -y piezo stage (d). The transmitted light from the microcavity is collected by a high-NA oil objective (e) and directed through a confocal imaging pinhole (f) to a spectrometer (g). The inset shows the structural details of the microcavity. Equation (2) predicts that a single gold nanoparticle will redshift the m = 2 resonance of the microcavity by ϳ30-100 nm and the m = 3 resonance by ϳ10-20 nm. These values can be compared with the measured shifts of ⌬ m=2 = 37 nm and ⌬ m=3 = 11 nm, as shown in Fig. 2(b) . Thus, our experimental observations are in good agreement with theoretical predictions, although the exact matching is difficult because of the simplicity of the theory.
To visualize the resonance shifts induced by single gold nanoparticles we raster scanned the microcavity through the stationary excitation beam and recorded transmittance spectra pixel by pixel. The center frequencies of the m = 2 and m = 3 resonance peaks were then determined for each image pixel and used to generate the raster scan images shown in Fig. 3 . Individual gold nanoparticles give rise to discrete patterns in the image. Each pattern features a positive image contrast indicating a redshift of the cavity resonances. The discrete patterns are superimposed to a background that reflects nonuniformities of the planar microcavity (variations in thickness and material composition). The patterns from the gold nanoparticles vary slightly in size and intensity because of their different locations in the microcavity and because of particle size variations.
In summary, we fabricated Fabry-Perot microcavities with gold nanoparticles sandwiched between two silver mirrors and found that the cavity modes can be tuned in a wide spectral range. The measured resonance shifts are in good agreement with theoretical predictions based on the Bethe-Schwinger cavity perturbation formula. Nanoparticle-based tuning of cavity modes opens up various possible applications. For example, if the material properties of a given nanoparticle are known one can easily determine the particle size from the shifts in the resonance modes. On the other hand, one can use the resonance shifts to determine the dielectric constant of a nanoparticle of known size and hence its material composition. These capabilities can be further enhanced by fine tuning the fabrication process to obtain resonators with higher Q factors and hence improved resolution.
